Background/Objectives: Increased adiposity, shorter stature, shorter leg length and carotid intima-media thickening are associated with cardiovascular (CV) disease. This study aimed to evaluate the sex-specific phenotypic and genetic associations between adiposity and anthropometric measures and carotid intima-media thickness (IMT). Subjects/Methods: We measured IMT at common carotid artery (CCA-IMT), carotid bifurcation and internal carotid artery (ICA-IMT) using B-mode ultrasound, and adiposity and anthropometric measures, including body mass index (BMI), height, leg length, waist circumference (WC), waist-to-hip ratio and percentage of body fat; we also assessed conventional CV risk factors among 706 Korean adults from the Healthy Twin Study. The associations were analyzed using quantitative genetic and linear mixed analyses. Results: In linear mixed analyses, BMI and WC had independent associations with the IMT at CCA-IMT and ICA-IMT and CCA-IMT, respectively, after adjusting for age and conventional CV risk factors in men. By comparison, in women, adiposity and anthropometric measures were associated with carotid IMT only before adjusting for the covariates. In men, there were significant genetic correlations between BMI and CCA-IMT (r G ¼ 0.32 ± 0.11), BMI and ICA-IMT (r G ¼ 0.35 ± 0.11) and WC and ICA-IMT (r G ¼ 0.32 ± 0.13) after adjusting for covariates, whereas in women the cross-trait genetic correlations were no longer significant after adjusting for the covariates. Conclusions: In this Korean twins and families, we found sex-specific associations between adiposity and anthropometric measures and the IMT at each segment of the carotid artery, and BMI and WC in men can be indicators predicting carotid intima-media thickening regardless of age and CV risk factors.
Introduction
Obesity, shorter stature, shorter leg length and carotid intima-media thickening are associated with cardiovascular (CV) morbidity and mortality (Batty et al., 2009; Helfand et al., 2009) . Population-based studies, including the ones in Korean populations, have shown that increased adiposity estimated by body mass index (BMI), waist circumference (WC) and waist-to-hip ratio (WHR) was associated with increased CV disease (CVD) risks (Song et al., 2004; Jee et al., 2006; Canoy, 2008; Huxley et al., 2010; Strazzullo et al., 2010) . Prospective studies have also found that height and leg length, biomarkers of pre-pubertal environmental factors that affect growth were inversely associated with risk of coronary heart disease (Lawlor et al., 2004; Ferrie et al., 2006) . In addition, a handful of studies have shown positive associations between adiposity measures and carotid intima-media thickness (IMT), an indicator reflecting the extent of atherosclerosis (Folsom et al., 1994; Takami et al., 2001; De Michele et al., 2002; Czernichow et al., 2005; Yan et al., 2009 ).
Few studies have suggested sex differences in the associations between adiposity distribution and CVD. In the EPICNorfolk cohort, there was sex difference in the association between WC and coronary heart disease (Canoy et al., 2007; Canoy, 2008) . These findings imply possibility of sex-specific associations between adiposity measures and carotid IMT. Furthermore, the strengths of the associations between adiposity and anthropometric measures and sub-types of CVD were heterogeneous across adiposity and anthropometric measures (Canoy et al., 2007; Canoy, 2008; Batty et al., 2009) . The relationships between carotid IMT and adiposity measures were also influenced by the covariates adjustment (Folsom et al., 1994; Takami et al., 2001; De Michele et al., 2002; Czernichow et al., 2005; Yan et al., 2009) . As the IMT at different segments of carotid artery appears to be differentially associated with the sub-types of CVD (Ebrahim et al., 1999; Terry et al., 2003; Underhill et al., 2008) , the associations between adiposity and anthropometric measures and the IMT would not be homogeneous at each segment of the carotid artery. However, to date few studies have explored sex-and segmental-specific associations between adiposity and anthropometric measures and carotid IMT.
Family and twin studies have revealed an underlying genetic susceptibility to the atherosclerotic process (Duggirala et al., 1996; Fox et al., 2003; Liao et al., 2008) . Extensive research has also suggested that adiposity and anthropometric measures have substantial heritability (Schousboe et al., 2003; Herrera and Lindgren, 2010) . Given the close relationship between the two phenotypes, it may be hypothesized that there would be genetic share between them. However, the evidence to support this hypothesis is very limited, and it has only been studied in Caribbean Hispanic families. In that study, BMI and WC were genetically correlated with the IMT at the common carotid artery (CCA) in addition to carotid bifurcation after age and sex adjustment (Juo et al., 2004) . To our knowledge, there is no comparable study about the sex-specific genetic correlations between these traits in Asian populations, though sex differences in genetic determinants of adiposity traits (Schousboe et al., 2003; Lewis et al., 2005; Chiu et al., 2010) and independent effect of ethnicity on carotid IMT have been suggested (Howard et al., 1993) .
In the present study, we examined (1) the sex-specific associations between adiposity and anthropometric measures and the IMT at each segment of carotid artery in Korean twins and families to determine adiposity and anthropometric indicators predicting carotid IMT in each sex, and (2) the sex-specific genetic/non-genetic correlations between these phenotypes to find genetic/non-genetic contribution to these associations.
Methods

Study population
We studied a cohort of 706 participants (253 men and 453 women) from the Healthy Twin Study who had carotid IMT measurements between 2009 and 2010. The participants completed a self-administered questionnaire, provided a medical history and underwent a physical examination, anthropometric measurements and a laboratory assessment of risk factors for CV. The Healthy Twin Study has been conducted as a part of the Korean Genomic Epidemiologic Study since 2005, with participants from family units typically consisting of either a twin pair only or a twin pair plus more than two other first-degree family members. The design and selection criteria of the Healthy Twin Study have been described elsewhere (Sung et al., 2006) . Potential participants who had a myocardial infarction or stroke and those younger than 30 years of age or older than 74 years of age were excluded. Finally, 296 individuals from twin pairs (238 individuals from monozygotic twin pairs and 58 individuals from dizygotic twin pairs) and 410 singletons from 195 families of the twin pairs participated in the study.
All participants gave written, informed consent, and the study was approved by the Institutional Review Board of Busan Paik Hospital, Samsung Medical Center and Seoul National University School of Public Health.
Carotid IMT measurement
The carotid IMT measurement was performed according to a standardized protocol during the end-diastolic phase between the P and Q waves from the electrocardiogram trace using an automated IMT package with a high-resolution B-mode ultrasound (Vivid (General Electric, Horten, Norway) and EKO 7 (Medison, Cypress, CA, USA)) equipped with a 7-MHz linear transducer.
The carotid IMT scanning was performed on the far wall of three segments and was defined as follows: 10-20 mm proximal to the tip of the flow divider into the CCA, the carotid bifurcation beginning at the tip of the flow divider, extending 10 mm proximal to the flow divider tip and the proximal 10 mm of the internal carotid artery (ICA). The composite carotid IMT was calculated as the mean of both sides of three carotid artery segments.
When we estimated the reliability of the IMT measurement in 14 randomly chosen persons in whom the IMT was repeatedly measured using the two different carotid ultrasound machines (Vivid and EKO 7), intra-class correlation coefficients for CCA, carotid bifurcation and ICA were 0.93, 0.86 and 0.90, respectively.
Assessment of adiposity, anthropometry and CV risk factors
The measurements of BMI, height, leg length, WC, WHR and the percentage of body fat were made with the subjects in indoor clothing and without shoes. Body weight, standing and seated height were measured twice to the nearest 0.1 kg and 0.1 cm, respectively, using a digital balance (Tanita Co., Seoul, Korea) and a stadiometer (Samwha Co., Seoul, Korea). The BMI was calculated as the weight (in kilograms) divided by the height squared (m standing height minus the seated height. WC was measured midway between the lowest lateral border of the ribs and the uppermost lateral iliac crest, and the hip circumference was measured at the widest point over the femoral greater trochanters while the participants were standing. The circumferences were measured to the nearest 0.1 cm. The WHR was calculated as the ratio of the waist to hip circumferences. The percentage of fat mass was measured using dual-energy X-ray absorptiometry devices (Lunar DPX-L, DPX-MD; Lunar, Madison, WI, USA; Delphi A; Hologic, Bedford, MA, USA).
For CV risk factors, we measured blood pressure, behavioral factors, past medical history and medications, and biochemical factors. To measure biochemical factors, venous blood was drawn after an overnight fast and analyzed in a central laboratory. The central laboratory was authorized by the Korea Association of Quality Control over the Clinical Laboratory Examination. Plasma glucose was assayed using a hexokinase enzymatic method. Serum low-density lipoprotein cholesterol, high-density lipoprotein cholesterol and triglycerides were assayed using homogeneous and enzymatic methods. High sensitivity C-reactive protein was assayed using latex immune complex turbidimetry. For those participants in whom biochemical factors were repeatedly measured between 2005 and 2009, the average of each measurement was used. Blood pressure measurements were obtained twice with a manual sphygmomanometer with the participants in the sitting position, and the averaged blood pressure values of these two measurements were used for analysis.
A self-administered questionnaire was used to collect information about alcohol consumption (user vs. non-user), lifetime smoking (pack-years of cigarette smoking), exercise (regular vs. irregular) and pre-existing hypertension and/or diabetes. Hypertension was defined by a prior diagnosis of hypertension or blood pressure exceeding 140/90 mm Hg. Diabetes mellitus was defined by a prior diagnosis of diabetes or a glucose level X6.93 mmol/l.
Zygosity of 67% of the twin pairs was verified by a genetic analysis using 16 short tandem repeat markers (15 autosomal short tandem repeat markers and one sex-determining marker, AmpFlSTR Identifier Kit; Perkin Elmer, Waltham, MA, USA). For the remaining twin pairs, a validated zygositydetermining questionnaire and a pedigree questionnaire was applied. The zygosity estimation by questionnaire has an accuracy of 490% (Song et al., 2010) .
Statistical analysis
Log transformation was applied for carotid IMT measures to approximate a normal distribution. The analyses were separately conducted by sex. The association between each adiposity and anthropometric measure (per 1 standard deviation (s.d.) increase) and carotid IMT measure at each segment, independent of other risk factors, was assessed using a linear mixed model in which the household and siblings were treated as random effects, and age, research site and CV risk factors (that is diabetes mellitus, hypertension, lipid profiles, C-reactive protein, pack-years of cigarette smoking, alcohol use and exercise) were considered as fixed effects. These analyses were performed using SPSS, version 17.0 for Windows (Release 17.0.0 (23 Aug. 2008); SPSS Inc., Chicago, IL, USA).
The Sequential Oligogenic Linkage Analysis Routines package (http://solar.sfbrgenetics.org, version 4.2.0) (Blangero et al., 2001) was used for the genetic analysis. Heritability of adiposity traits and carotid IMT measures were calculated as the proportion of phenotypic variance explained by additive genetic effects with adjustment for age, sex and interaction between age and sex. To examine the evidence of common genetic and environmental regulation between the adiposity traits and IMT measures at different segments of the carotid artery, we partitioned the phenotypic correlations into correlations explained by genetic sharing (r G ) and non-genetic sharing (r E ) after adjusting for covariates. If r G significantly deviated from zero, we regarded it as an evidence of a genetic association between the two traits.
Results
Monozygotic twins were 36.6% (n ¼ 166) of women and 27.7% (n ¼ 70) of men, whereas dizygotic twins were 5.7% (n ¼ 26) of women and 12.6% (n ¼ 32) of men. Table 1 shows the characteristics of the study participants stratified by sex-specific tertiles of composite IMT. In men, WC and WHR values increased gradually with the IMT tertiles, whereas height and leg length decreased linearly with the IMT tertiles (Po0.05). There were no significant associations in the relationships of the IMT tertiles with BMI and percentage of body fat. By comparison, in women, all adiposity measures, height and leg length were significantly associated with the IMT tertiles.
The associations of adiposity and anthropometric measures with the IMT at carotid segments after adjusting for covariates varied with sex as shown in Tables 2 and 3 . In men, BMI and WC retained significant associations with composite carotid IMT and CCA-IMT, and with CCA-IMT, respectively in fully adjusted models (Table 2) , while in women, with adjustment for covariates, the independent associations between adiposity and anthropometric measures, and the IMT measures uniformly disappeared (Table 3 ).
The heritability estimates of anthropometric measures and the IMT at carotid segments show significant genetic contribution to all adiposity traits and carotid IMT measures after adjusting for age, sex and interaction between age and sex (Po0.0001). The heritability estimates for BMI, height, leg length, WC, WHR and percentage of fat mass were 0.63, 0.93, 0.77, 0.58, 0.47 and 0.54, respectively. The heritability estimates for carotid IMT measures were 0.48 at CCA, 0.75 at carotid bifurcation and 0.45 at ICA.
Sex differences in the cross-trait correlations between adiposity and anthropometric traits, and the IMT at each segment of the carotid artery are presented in Tables 4 and 5 . In men, BMI had significant genetic correlations with the composite IMT (0.28±0.12), the CCA-IMT (0.32±0.11) and the ICA-IMT (0.35 ± 0.11), and WC had significant genetic correlations with ICA-IMT (0.32 ± 0.13) after adjusting for the covariates. In contrast, in women, most adiposity and anthropometric traits were genetically or non-genetically correlated with the IMT before adjustment, while none of the adiposity traits were genetically correlated with IMT after adjusting for covariates. Only BMI and WC in women were non-genetically correlated with ICA-IMT, even after adjusting for covariates (0.25±0.09 and 0.19±0.09, respectively).
Discussion
In Korean twins and families free of clinical CVD, we found sex-specific associations between adiposity and anthropometric measures and carotid IMT measures. In women, these associations were significant when the covariates were not adjusted. By comparison, in men the associations between BMI and the IMT at composite, CCA, and ICA and that between WC and CCA-IMT, were significant even with the adjustment for age and conventional CV risk factors.
In previous studies, the associations between adiposity measures and carotid IMT measures have been found. Yan et al. (2009) showed that WHR compared with BMI was more likely to be strongly associated with carotid IMT measure after adjustment of established CV risk factors in 1578 middle-aged, apparently healthy men. However, WHR, WC and BMI were no longer independently associated with subclinical atherosclerosis when age was additionally controlled. In contrast, De Michele et al. (2002) found that BMI and WHR were significant adiposity measures associated with carotid IMT, even after adjusting for age and conventional CV risk factors in 310 middle-aged women. In the 1014 middle-aged adults participating in the SU.VI.MAX study, WC was also significantly associated with carotid IMT after adjusting for age, sex and major CV risk factors, but it was not a significant predictor after adjusting for BMI Abbreviations: BMI, body mass index; %BF, percentage of body fat; CVR, cardiovascular risk; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; WC, waist circumference; WHR, waist-hip ratio. In multivariable model, estimates (standard error of mean) for natural log-transformed IMT (unit: ln(mm)) were assessed by linear mixed models including random effects (household and sibling relationship) and fixed effects. *Po0.05 a Age, research site and each adiposity index. b Age, research site, each adiposity index, exercise, lifetime smoking and alcohol use. Age, research site, each adiposity index, diabetes, hypertension, lifetime smoking, alcohol use, exercise, hs-CRP, HDL-C, LDL-C and TG. Bold numbers represent significant associations. (Czernichow et al., 2005) . In 7956 women and 6474 men free of symptomatic CVD participating in the Atherosclerosis Risk in Communities Study, WHR was independently associated with carotid IMT after adjusting for age, race and BMI (Folsom et al., 1994) . However, none of the studies have reported sex-specific differences in the relationships. In the present study, the sex-specific associations between adiposity and anthropometric measures, and carotid IMT appear to be related to the covariate adjustment. In women, the strengths of the associations were significantly decreased after adjusting for age and conventional CV risk factors. The conventional CV risk factors could have a mediating role in the causal pathway between increased adiposity and carotid intima-media thickening (Canoy, 2008) . Alternatively, age may reflect a cumulative lifetime exposure of carotid IMT to defined and undefined factors related to the atherosclerotic process (Yan et al., 2009 ). The sex difference observed in the association after covariates adjustment could result from the differential correlations between age and adiposity traits. With our participants, age was significantly correlated with all adiposity traits in women (Po0.001), but only with WHR in men.
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The evidence for genetic correlations between adiposity traits and carotid IMT measures is very limited. In a Caribbean Hispanic population, BMI and WC had significant genetic correlations with the IMT at composite and CCA, but not with ICA-IMT after adjustment for age and sex (Juo et al., 2004) . The sex-specific genetic correlations were not examined in this study. In our subjects, when the genetic/nongenetic relations were separately analyzed by sex, there were sex-specific genetic or non-genetic correlations. The genetic correlations in women were attenuated by covariates-adjustment, whereas in men the genetic correlations for BMI and the IMTs at composite, CCA and ICA increased. Taken together, these results suggest that some genetic pleiotropic effects have important roles for adiposity traits and carotid IMT measures, though the sex difference in the relationships should be more clearly elucidated. Given that our current study population comprised of twins and their families may not be the best sample to show sex-specific genetic and non-genetic correlations, our findings have limits to compare with results of other population-based samples. There are some potential limitations in our study. To our knowledge, as there are no comparable studies on the sex-specific relationships between atherosclerosis and adiposity traits, we could not compare directly our current findings with the previous ones. However, the sex-specific relationships between IMT measured after 15 years of followup and CV risk factors such as triglyceride, smoking and physical activities have been demonstrated in the Tromsj study (Stensland-Bugge et al., 2000) . Accordingly, the sex differences seen in these associations might be due to hormonal effects on gene expression and regulation or sexrelated environmental factors (Weiss et al., 2006; Chiu et al., 2010) . Further research is warranted to elucidate the underlying mechanism of sex-specific associations between adiposity indices and carotid IMT. We measured the IMT using two different kinds of carotid ultrasound, and the plaques located near the walls were not included in the measurements, which may have resulted in some bias.
In conclusion, in this Korean twin and family study, we demonstrated that phenotypic associations between adiposity and anthropometric measures and carotid IMT measures, and the genetic contribution to the associations vary among the sexes. Given the limited evidence for sex differences in these relationships, the current findings would be informative for identifying sex-specific genetic candidates related to the two emerging CV risk factors, carotid intimamedia thickening and obesity. 
